Translation initiation on the uncapped genomic RNA of hepatitis A virus (HAV), a picornavirus, occurs after internal entry of ribosomes toward the 3Ј end of a long, structured 5Ј untranslated region (UTR), rather than by ribosome scanning from the 5Ј end (9, 13) . Such internal initiation of translation requires the presence of an IRES (internal ribosome entry segment), which, for all of the animal picornaviruses studied, comprises some 450 nucleotides (nt) of complex secondary and presumably tertiary RNA structure (for reviews, see references 20 and 33). While IRESs have been formally identified in the genomes of all picornaviruses studied, they exhibit considerable structural and functional divergence. Indeed, on the basis of both sequence and structural features and the requirements for optimal activity, three types of picornavirus IRES have been distinguished: type I entero-and rhinovirus (e.g., poliovirus and human rhinovirus [HRV] ) IRESs, the type II cardiovirus (encephalomyocarditis virus [EMCV] ) and aphthovirus (foot-and-mouth disease virus [FMDV] ) IRESs, and the type III HAV IRES (2, 7, 40, 41) .
The classification of the HAV IRES separately from the other picornavirus IRESs is merited at several levels. As mentioned above, there exists very little sequence similarity between the HAV element and the other picornavirus IRESs, and in many respects the HAV IRES is unique in the conditions required for optimal activity in vitro. Most interestingly, it is the only picornavirus IRES whose activity is severely inhibited in vitro and in cell culture in the presence of the enteroand rhinovirus 2A proteinases and the aphthovirus Lb proteinase (2, 5, 48) . Treatment of translation extracts with these proteinases is without effect for the type II IRESs (37, 50) and actually stimulates type I IRES activity (6, 50) . This stimulation is mediated via cleavage of eukaryotic initiation factor 4G (eIF4G) (6) , a component of the eIF4F holoenzyme complex involved in the translation of capped cellular mRNAs. The eIF4F complex comprises the central scaffold molecule eIF4G, which binds the cap-binding protein eIF4E and the ATP-dependent RNA helicase eIF4A toward its N and C termini, respectively (for a review, see reference 35) . The 2A and Lb proteinases cleave eIF4G in the same region, at sites separated by only seven amino acids, resulting in the liberation of two primary cleavage products (25, 28) . The N-terminal cleavage product still associates with eIF4E and is dispensable for type I and II IRES activity (37) , whereas the C-terminal domain binds eIF4A and is sufficient to drive type I and II IRESmediated translation (6, 37) . Indeed, direct functional interactions between the C-terminal region of eIF4G and the type II EMCV and FMDV IRESs have been reported (32, 39 ; for a review, see reference 23).
Since HAV IRES activity was abolished by treatment of translation extracts with either the 2A or Lb proteinase and could be fully restored upon readdition of eIF4F, it was concluded that the HAV IRES requires eIF4F containing intact eIF4G (5) . However, it is now known that mammalian eIF4G as part of the eIF4F complex also interacts with poly(A)-binding protein (PABP) (19, 43) , the protein implicated in binding the poly(A) tails at to the 3Ј end of most eukaryotic mRNAs and in cooperative enhancement of translation of capped, polyadenylated mRNAs (12, 45) . PABP was recently shown to be cleaved by the enterovirus 2A proteinases in the virus-infected cell and in vitro (22, 24) . Thus, it is possible that PABP cleavage explains the inhibitory effects, at least of the 2A proteinase, on HAV IRES activity. We wished to examine this hypothesis and also to evaluate the possibility that HAV IRES inactivation upon eIF4G cleavage derives from a requirement for components of the intact eIF4F holoenzyme complex other than eIF4G.
In the present study, we demonstrate that inhibition of HAV IRES-driven translation correlates with cleavage of eIF4G and not PABP and that the Lb proteinase shows no detectable proteolytic activity for endogenous PABP in reticulocyte lysates. In addition, we present data which indicate that the presence of both eIF4E and PABP in the eIF4F complex is required for optimal HAV IRES activity, even though the HAV IRES-containing RNAs used were neither capped nor polyadenylated.
MATERIALS AND METHODS
Plasmids. The monocistronic construct p0p24, which contains the human immunodeficiency virus type 1 (HIV-1 LAI ) gene encoding the p24 protein under the control of the bacteriophage T7 10 promoter, has been described previously (34) . The sequences corresponding to the complete HAV IRES (nt 44 to 738) were excised from the previously described full-length infectious cDNA clone of HAV (p16HM175) (21) by digestion with NcoI and AflIII, the cut ends were filled in, and the fragment was inserted into the filled-in BamHI site of p0p24 to generate pHAVp24. The sequences corresponding to the full HRV IRES were excised from pXLJHRV10-611 (4) by digestion with SalI and NcoI and inserted into p0p24 digested with the same enzymes, to produce pHRVp24.
Proteins and antibodies. Recombinant wild-type HRV type 2 (HRV2) 2A proteinase and FMDV O1k Lb proteinase, which had been purified to homogeneity as described previously (25, 30) , were stored in H100 buffer (10 mM HEPES-KOH [pH 7.5], 100 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 7 mM ␤-mercaptoethanol). Rabbit eIF4F and the N-and C-terminal cleavage products of eIF4F liberated following treatment with 2A proteinase (Cp N and Cp C , respectively) were purified as described previously (6, 26, 27) . These proteins were dialyzed extensively against H100 buffer prior to use. A recombinant fragment of rotavirus NSP3 protein encompassing amino acids 163 to 313, which had been overexpressed and purified exactly as described previously (42, 43) , was dialyzed against H100 buffer prior to use. Histidine-tagged eIF4E-binding protein 1 (4E-BP1 [PHAS-1]), which had been overexpressed and purified as described previously (36) , was diluted in H100 buffer prior to use. Rabbit anti-eIF4G peptide 7 antiserum (raised against residues 327 to 342), rabbit anti-eIF4G peptide 6 serum (raised against amino acids 1230 to 1248), and monoclonal antibody 10E10 raised against human PABP have been described previously (14, 49) .
In vitro transcription and translation. The synthesis of radiolabelled probes was performed as described previously (3) . For probes corresponding to the HAV IRES, plasmid p16HM175 was digested to completion with AflIII to allow in vitro transcripts spanning nt 1 to 738 of the HAV genome to be generated. The EMCV IRES probe, which starts at the poly(C) tract and ends at nt 848, was synthesized from p-CITE (Novagen) which had been linearized by digestion with NcoI.
For RNAs destined for in vitro translation, in vitro transcription reactions and purification and quantification of synthesized RNAs were performed exactly as described by Michel et al. (34) . Purified mRNAs were subsequently translated in nuclease-treated rabbit reticulocyte lysates (Flexi reticulocyte lysate; Promega) supplemented with 5% (by volume) HeLa cell S10 extracts as described elsewhere (5) . Reactions (12 l by volume) contained 50% (by volume) reticulocyte lysate, 90 and 0.75 mM added KCl and MgCl 2 , respectively, and 10 g of in vitro-transcribed RNAs per ml. Reaction mixtures were preincubated with the indicated concentrations of the 2A and Lb proteinases for 10 min at 30°C prior to proteinase inactivation, using elastatinal for the 2A proteinase (final concentration, 500 M) and E-64 (Sigma) for the Lb proteinase (final concentration, 400 M) and addition of RNA. Reaction mixtures supplemented with rotavirus NSP3 protein, recombinant 4E-BP1, or cap analogue were incubated on ice for 10 min before addition of RNA. Translations were performed for 90 min at 30°C, before analysis of [ 35 S]methionine-labeled translation products by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) using gels containing 20% polyacrylamide, as described previously (11) . Dried gels were exposed to Bio-max film (Amersham) typically for 24 to 48 h. Quantification of translation efficiencies was performed densitometrically, exactly as described previously (5), using multiple exposures of each gel to ensure that the linear response range of the film was respected. UV laser cross-linking and filter retention assays. Radiolabeled RNAs (approximately 0.1 pmol; 100,000 cpm) were incubated with 0.1 to 0.2 g of purified proteins in cross-linking buffer (10 mM HEPES-KOH [pH 7.2], 3 mM MgCl 2 , 5% [by volume] glycerol, 1 mM dithiothreitol, 80 mM KCl, 0.1 mg of Escherichia coli 23S rRNA per ml; 10-l final reaction volumes) for 10 min at room temperature before being irradiated at 266 nm using an NdYAG laser with a single high-intensity pulse (5-ns duration, 0.5 ϫ 10 11 -W/m 2 intensity, approximate dose of 100 J/m 2 ). Following irradiation, samples were digested with RNases A and T 1 (0.25 mg/ml and 8 units/l, respectively) for 30 min at 37°C and prepared for SDS-PAGE as described previously (3) .
Filter retention assays were performed essentially as described by Clever et al. (10) . Briefly, binding reaction mixtures (30-l final volume) containing binding buffer (20 mM HEPES-KOH [pH 7.3], 80 mM KCl, 0.5 mM MgCl 2 , 2 mM dithiothreitol 5% [by volume] glycerol, 0.1 mg of bovine serum albumin per ml, 10 g of E. coli tRNA per ml) and the indicated concentrations of purified eIF4F, C PN , or Cp C were assembled on ice prior to the addition of 20 ng of radiolabeled probes (approximately 0.1 pmol). After 10 min at 30°C, reaction mixtures were transferred to prewetted nitrocellulose disks (0.45-m pore size; HAWP type; Millipore) and washed with 5 ml of binding buffer. The radioactivity retained on filters was quantified by scintillation counting. Data were corrected for the amount of probe retained in the absence of added target protein, which was typically less than 3% of total radioactivity. Experiments were performed in duplicate, and the average counts are given, expressed as the percentage of bound probe relative to the maximal binding achieved with a given RNA target in each experiment. The apparent dissociation constant (K d ) of each interaction was taken as the concentration of protein required to attain 50% of the maximal binding.
Western blotting analysis. Western blotting analysis of eIF4G or PABP was performed exactly as described previously (6), using rabbit anti-eIF4G peptide 6 and 7 antisera (for detection of Cp C and Cp N , respectively) or monoclonal antibody 10E10 (for PABP) as primary antibodies. Membranes were then incubated with horseradish peroxidase-linked goat anti-mouse or anti-rabbit secondary antibodies and were revealed by enhanced chemiluminescence (ECLplus; Amersham) or a commercial diaminobenzidine-peroxidase substrate kit (Vector Laboratories Inc.).
RESULTS
We found previously that the HAV IRES is inactive in translation extracts in which eIF4G is cleaved by the picornavirus 2A or Lb proteinase. Rescue of HAV IRES-driven translation was possible by back-addition of purified rabbit eIF4F containing intact eIF4G. Since eIF4G was the only component of the eIF4F complex known at that time to be cleaved by both the 2A and Lb proteinases, it was concluded that HAV IRES function requires intact eIF4G (5). However, it was recently demonstrated that the enterovirus 2A proteinases cleave another protein known to associate with mammalian eIF4F, namely, PABP (22, 24) . Thus, the first aim of the present study was to determine whether proteinase-mediated inhibition of HAV IRES activity results from cleavage of eIF4G, PABP, or both. For the experiments described here, we used monocistronic mRNAs from which the synthesis of the HIV-1 p24 protein is driven by either the HAV or the HRV2 IRES (Fig.  1A) . Translation reactions were performed in rabbit reticulocyte lysate under conditions essentially the same as those used in a previous study demonstrating that the HAV IRES was inactive upon eIF4G cleavage (5) (see Materials and Methods). Thus, reactions contained near-optimal concentrations of added salt and trace quantities of HeLa cell S10 extract to enable HRV IRES-driven translation and were programmed with relatively low concentrations (10 g/ml) of in vitro-transcribed, uncapped, monocistronic mRNAs.
Inhibition of HAV IRES-driven translation correlates with cleavage of eIF4G and not PABP. As shown previously (5), the treatment of translation extracts with relatively low concentrations (20 g/ml) of active HRV2 2A or FMDV O1k Lb proteinase abrogates the translation of HAV IRES-driven translation (Fig. 1B , Active 2A and Active Lb lanes). Such inhibition is dependent on proteolytic activity, since treatment of extracts with proteinases which had been first inactivated by incubation with their specific inhibitors did not affect HAV IRES activity (Fig. 1B , Inactive 2A and Inactive Lb lanes).
To investigate the possible mechanistic basis of inhibition, we examined the integrity of both eIF4G and PABP, the recently identified substrate of the enterovirus 2A proteinases, by Western blot analysis of translation reactions at various times throughout a 90-min incubation at 30°C with active 2A or Lb proteinase. While eIF4G was rapidly cleaved by the HRV2 2A and particularly the FMDV O1k Lb proteinase, there was no evidence of cleavage of PABP under the reaction conditions used (Fig. 1C) . However, when translation extracts were incubated for long periods of time (over 3 h) with high concentrations of active 2A proteinase (130 g/ml) and at 37°C rather than 30°C, a 40% reduction in the amount of intact PABP was observed (Fig. 1D) . Interestingly, no change in the quantity of intact PABP was found in reactions treated with the Lb proteinase under equivalent conditions (Fig. 1D) . The absence of detectable PABP cleavage in our standard translation assay conditions and the apparent inability of the Lb proteinase to cleave PABP even after extended incubation demonstrate that inactivation of the HAV IRES by proteinase treatment correlates with cleavage of eIF4G and not with that of PABP.
The HAV IRES can bind both intact eIF4G and the proteolytic C-terminal fragment with similar affinities. The C-terminal cleavage product of eIF4G with its associated eIF4A and eIF3 (Cp c -eIF4A-eIF3) is sufficient to drive type I and type II IRES activity. Furthermore, a recombinant fragment of eIF4G which overlaps Cp C can bind directly to the EMCV IRES and can functionally replace intact eIF4G in 48S initiation complex formation assays on this IRES (38, 39) . Thus, we examined whether the failure of the HAV IRES to function upon cleavage of eIF4G was due to its inability to bind the Cp C proteolytic fragment. Toward this end, we digested purified rabbit eIF4F with HRV2 2A proteinase and repurified the digestion products (see Materials and Methods). Figure 2A shows a Western blot analysis of the resulting protein preparations, using antibodies which recognize Cp N and Cp C , respectively. While cleaved eIF4F contains large quantities of both Cp N and Cp C , the separated cleavage products show only low levels of cross-contamination. Thus, only trace concentrations of Cp C are present in the Cp N preparation, and vice versa.
These protein preparations were first used in classical UV Laser cross-linking assays with radiolabeled probes corresponding to the full-length EMCV or HAV IRES (see Materials and Methods). Figure 2B shows the results of a representative cross-linking experiment. Both the HAV and EMCV IRESs could be cross-linked to intact eIF4G, as evidenced by the detection of a specific 32 P-labeled protein of approximately 220 kDa in reactions containing pure eIF4F. Treatment of eIF4F with 2A proteinase prior to cross-linking resulted in the loss of this labeled 220-kDa protein and the presence of a new labeled protein of approximately 97 kDa. The size of this product corresponds well with the estimated size of Cp C (97 kDa). Cross-linking experiments using the purified cleavage products of eIF4F confirmed that this 97-kDa 32 P-labeled protein was indeed Cp C . No specific protein was radiolabeled in reactions containing Cp N . However, in reactions containing Cp C , a predominant protein identical in size to that observed with cleaved eIF4F (97 kDa) was evidenced (Fig. 2B , compare eIF4F/2A and Cp C lanes), independently of the IRES probe used. Thus, it seems that Cp C can be cross-linked specifically to both the EMCV and HAV IRESs, even though the latter requires intact eIF4G for activity. Interestingly, a smaller, less intensely labeled protein was also detected in cross-linking reactions containing cleaved eIF4F or purified Cp C and either IRES. A protein of similar apparent size was also detectable in reactions containing intact eIF4F after prolonged exposures of the gels (data not shown). Given its approximate size (43 kDa), it seems likely that this species corresponds to eIF4A. It should be noted that the intensity of labeling of the different cross- linked proteins was reproducibly greater using the EMCV rather than the HAV radiolabeled RNAs. However, the HAV probe (738 nt) is significantly longer than the EMCV counterpart (450 nt) and is considerably richer in U residues (232, as opposed to 83). Thus, are used approximately three fold more EMCV than HAV probe in order to include equivalent quantities of radiolabel in cross-linking reactions.
Since the molar ratio of protein to RNA in UV Laser crosslinking experiments was of the order of 6 to 1, it remains possible that the affinity of the HAV IRES for Cp C is much lower than that of EMCV. To assess the relative affinities of the two IRESs for intact eIF4G (as part of eIF4F) and for Cp C , the different protein preparations were used in filter retention assays (see Materials and Methods). Intact eIF4F and purified Cp C bound the HAV and EMCV IRESs to approximately equal degrees (Fig. 2C) . The apparent K d s of these interactions (as judged by the concentration of protein required for halfmaximal retention of RNA) were 0.2 nM (for the HAV and EMCV IRES interactions with eIF4F) and 0.4 nM and 0.7 nM for HAV-Cp C and EMCV-Cp C , respectively. In contrast, virtually no radiolabeled HAV or EMCV IRES RNAs were retained in reactions containing purified Cp N . Thus, the inability of the HAV IRES to function in the presence of Cp C cannot be explained by a reduced capacity to bind this protein fragment.
The HAV IRES requires eIF4E and PABP bound to eIF4G for activity. The inability of Cp C -eIF4A-eIF3 to drive HAV IRES activity, even though Cp C is apparently bound with high affinity by this element, led us to investigate whether the components of the full eIF4F complex which remain associated with Cp N are required by the HAV IRES. Toward this end, we used two different recombinant proteins with the proven capacity to displace either eIF4E or PABP from the full eIF4F holoenzyme complex. The rotavirus nonstructural protein NSP3 has recently been shown to interact with the N-terminal part of eIF4G and to evict PABP from eIF4F (42, 43) . The recombinant fragment of NSP3 (amino acids 163 to 313) used for the present study is also capable of displacing PABP from eIF4G (8, 34) but retains no detectable affinity for RNA, as measured in gel retardation and UV cross-linking assays (42) . 4E-BP1 (PHAS-1) has previously been shown to inhibit the interaction between eIF4E and eIF4G (15, 31) by competing for binding to a dorsal site on eIF4E (44) .
Thus, translation reactions were treated with various concentrations of either 4E-BP1 or NSP3 fragment before being programmed with in vitro-transcribed mRNAs carrying the HAV IRES (Fig. 3A and B) . To control against nonspecific inhibitory effects of the two protein preparations, independent reactions were programmed with an mRNA under the control of the type I HRV2 IRES (HRV1 p24), which does not require Cp N -eIF4E-PABP for activity (6) . Low concentrations of either NSP3 or 4E-BP1 significantly inhibited translation initiated from the HAV IRES. The effects of 4E-BP1 were particularly dramatic, with 50% translation inhibition induced when recombinant protein concentrations exceeded 100 nM. Conversely, HRV IRES activity was slightly but reproducibly stimulated by the addition of either recombinant protein. We also verified that the concentrations of 4E-BP1 and NSP3 used were indeed displacing considerable proportions of their respective target proteins ( Fig. 3D and E) , either by testing the resistance of eIF4G to cleavage by the Lb proteinase when eIF4E is displaced from the eIF4F complex by 4E-BP1 (36) (Fig. 3D) or by measuring the amount of PABP which can be coimmunoprecipitated in the presence of NSP3, using antibodies directed against eIF4G as described previously (8, 34, 43) (Fig. 3E) . The degrees of displacement of eIF4E by 4E-BP1 and of PABP by NSP3 were significant and correlated well with the levels of inhibition of HAV IRES activity described above. In effect, the concentrations of NSP3 required to displace 80% of PABP from eIF4G inhibited HAV IRES activity by between 40 and 70% (compare Fig. 3A and E) , and the concentrations of 4EBP1 which caused maximal displacement of eIF4E from eIF4G also inhibited HAV IRES-driven translation by greater than 50% (compare Fig. 3B and D) . Thus, the removal of either eIF4E or PABP from the eIF4F complex inhibits HAV, but not HRV, IRES-driven translation.
Given that HAV IRES activity requires eIF4E as part of the eIF4F complex, we evaluated the effects of added cap analogue on cap-independent translation driven by either the HAV or HRV IRES (Fig. 3C) . Similarly to 4E-BP1 and NSP3, cap analogue slightly stimulated HRV IRES activity but significantly inhibited translation driven by the HAV element. However, the concentration of cap analogue required to inhibit HAV IRES-driven translation by 50% (66 M) was 1 to 2 orders of magnitude higher than the concentrations of either 4E-BP1 and NSP3 which induced the equivalent inhibition (100 or 990 nM, respectively, compared to an estimated concentration of endogenous eIF4G of 10 to 20 nM [5] ). A recent report has shown that even higher concentrations of analogue can almost abolish translation driven by the HAV, but not the EMCV or poliovirus, IRES (1a).
DISCUSSION
The poliovirus and coxsackievirus 2A proteinases were recently shown to cleave PABP, in addition to eIF4G, in vitro and in the virus-infected cell (22, 24) . In the present study, we have shown that inactivation of the type III HAV IRES by the HRV 2A and FMDV Lb proteinases correlates with cleavage of the eIF4G component of eIF4F rather than with proteolysis of PABP. Effectively, no Lb proteinase-mediated cleavage of PABP could be evidenced, even upon prolonged incubation at very high concentrations of proteinase, yet this proteinase still inactivated HAV IRES activity when included in translation assays. Furthermore, there was no detectable cleavage of PABP by the rhinovirus 2A proteinase under the conditions of our translation assays, although proteolysis was observed upon extended incubation. Thus, the ability to degrade PABP appears to be a conserved feature of all entero-and rhinovirus 2A proteinases. Interestingly, the kinetics of PABP cleavage seem to be similar for the entero-and rhinovirus 2A proteinases, in the sense that the cleavage of PABP was in all cases significantly slower than that of eIF4G (compare results in references 22 and 24 and this study). Hence, it appears that if PABP degradation contributes to the shutoff of host cell translation upon infection with entero-and rhinoviruses, it is likely to be late in the infectious cycle.
The type I and II IRESs function efficiently with eIF4F which has been cleaved by the picornavirus 2A or Lb proteinase. In effect, Cp C of eIF4G with its associated eIF4A and eIF3 is sufficient to support internal initiation of translation on these elements. Indeed, a direct interaction between the FMDV and EMCV IRESs and Cp C or a central region of eIF4G overlapping Cp C has been demonstrated previously (32, 39) , and the central fragment of eIF4G together with eIF4A and eIF3 can functionally substitute for intact eIF4F in 48S initiation complex formation on the EMCV IRES (38) . We thus investigated whether the inability of the HAV IRES to function with cleaved eIF4F resulted from failure of this IRES to bind Cp C . The HAV and EMCV IRESs could both be cross-linked by UV irradiation to intact eIF4G (as part of purified eIF4F) or to purified Cp C , and filter retention assays confirmed that the HAV and EMCV IRESs bind intact eIF4F and Cp C with similar, high affinities (apparent dissociation constants all less than 1 nM). It is possible that the actual K d s for these interactions are even lower than those measured here. In effect, our estimations are based on the concentration of purified protein required to retain the different RNAs and do not take into account the proportion of protein in the preparation capable of binding RNA, which is likely to be less than 100%. It should also be noted that Lomakin et al. recently measured the affinity of the interaction between the central domain of eIF4G and the region of the EMCV IRES to which it binds (31a). Even though those authors employed gel retardation using a truncated EMCV IRES and a recombinant internal fragment of Displacement of eIF4E from eIF4G as measured by Lb proteinase-mediated cleavage of eIF4G. Translation reactions were incubated for 10 min on ice with H100 buffer or 4E-BP1 in H100 buffer (final concentrations, from left to right, of 30, 60, 120, and 250 nM) before being treated with H100 buffer or Lb proteinase in H100 buffer (Lb ϩ lanes; final proteinase concentration of 15 g/ml) for 15 min at 30°C. The integrity of eIF4G was then assessed by Western blotting as described in Materials and Methods. The positions of intact eIF4G and the primary and secondary N-terminal cleavage products of eIF4G (1°CpN and 2°CpN, respectively) are indicated. The quantity of intact eIF4G or 2°CpN in each reaction was evaluated by densitometry and is plotted below each lane. Since the anti-eIF4G antibody used recognizes the primary cleavage product of eIF4G much more efficiently than it recognizes either the intact moleule or the secondary cleavage product, the signal for 1°CpN was saturating in all reactions which had been treated with Lb proteinase. (E) Effect of NSP3 on coimmunoprecipitation of PABP and eIF4G. The degree of displacement of PABP from eIF4G was assessed by immunoprecipitation of complexes using antibodies raised against eIF4G followed by Western blot analysis of immunoprecipitates using antibodies directed against PABP as described previously (8, 34) . The data presented are modified from reference 34. eIF4G to assess the binding affinity, the values obtained (affinities of 5 to 6 nM) are similar to those reported here with either the intact EMCV or HAV IRES. Importantly, such data suggest that the IRES-eIF4G interaction is of sufficient affinity to drive internal initiation of translation and would also allow effective competition of these IRESs with capped, cellular mRNAs for eIF4G binding (31a). These mechanistic considerations aside, the data presented here also argue against the suggestion that the HAV IRES fails to function with Cp C because it can not efficiently bind this cleavage product.
It remains possible that Cp C binding to the HAV IRES does not allow IRES activity, for example, because eIF4F and Cp C bind to different sites on the HAV IRES and the Cp C binding site is incompetent for 48S complex formation. Indirect evidence in favor of such a hypothesis derives from the similar binding affinities of intact eIF4G and Cp C for the HAV IRES despite the failure of the apparently nonfunctional Cp C to behave as a dominant negative inhibitor of HAV IRES activity (5) . By toeprinting assays, we attempted to identify the exact binding sites of eIF4F and Cp C on the HAV IRES. Unfortunately, we were unable to convincingly locate any such site, possibly because of the relatively low concentrations of purified proteins in our preparations (data not shown). However, in light of the effects of recombinant 4E-BP1 and rotavirus NSP3 proteins on HAV IRES activity, it seems unlikely that differential binding sites for eIF4F and Cp C alone could explain the failure of Cp C to sustain HAV IRES activity. Either recombinant protein was capable of inhibiting HAV IRES activity to the same degree as the 2A or Lb proteinase, indicating that both PABP and eIF4E must remain associated with eIF4G for translation to be efficiently driven by the HAV IRES. At first sight, these results seem at odds with what is currently known concerning the mechanism(s) of IRES-mediated translation initiation, since they indicate that an mRNA carrying the HAV IRES resembles a capped, polyadenylated mRNA in terms of its requirements for the eIF4F complex. However, since HAV IRES-driven translation is naturally cap independent and the in vitro-transcribed RNAs used in the experiments described here were neither capped nor polyadenylated, it can be postulated that eIF4E and PABP are not needed to fulfill their classical roles of binding the 5Ј cap and 3Ј poly(A) tail. It has recently been shown that plant cap-binding protein can bind specific internal sequences of viral RNAs (46; K. Browning, personal communication). We cannot rule out that some such cap mimicry is operational in the picornavirus IRESs and serves to tether eIF4F to an internal site within the HAV IRES. However, it should be noted that we never detected any significant cross-linking of eIF4E to the HAV or EMCV IRES (Fig. 2) , arguing against such a hypothesis. Instead, several lines of evidence indicate that in fact the conformation of eIF4G is altered upon binding of either PABP or eIF4E. For instance, the HRV 2A protease is virtually incapable of cleaving eIF4G in the absence of eIF4E (17) . Similarly, an additional effect of 4E-BP1-mediated displacement of eIF4E from eIF4G is a conformational change in eIF4G which renders it uncleavable by the Lb proteinase (36) (Fig. 3D) . Indeed, yeast eIF4E was recently shown to induce folding of a peptide comprising the region of eIF4G with which it interacts (18) . In addition, binding of eIF4E to eIF4G increases the affinity of the eIF4E-cap interaction (16) , and binding of wheat germ PABP to eIF4G increases the affinities of both the PABPpoly(A) and eIF4E-cap interactions (29, 47) . Thus, the conformation of eIF4G seems to depend on the proteins which it binds, and eIF4G is also apparently capable of relaying conformational changes to its different binding partners. In light of those observations, a reasonable interpretation of the data presented here would be that eIF4E and PABP are required by the HAV IRES to induce the correct conformation of eIF4G not for binding per se but for essential signaling events and that eviction of either protein pushes eIF4G into a nonfunctional conformation. Indeed, a similar explanation has been advanced to explain the surprising capacity of 4E-BP1 to inhibit the translation of uncapped cellular mRNAs (36), translation which has been shown to be stimulated by eIF4G cleavage (6, 37) . From the data presented here, one then has to postulate that binding of cap analogue to eIF4E in the context of eIF4F can apparently also direct conformational changes in eIF4G. However, as Ali et al. point out in the accompanying paper (1), it is difficult to envisage the mechanism of such a conformational change given that the cap binding site on eIF4E is not close to the region which interacts with eIF4G. While further studies will be required to fully explore these hypotheses, the HAV IRES is the only such element identified to date which apparently requires eIF4E as part of the eIF4F complex for internal initiation of translation. Thus, the type III HAV IRES differs significantly from the type I entero-and rhinovirus and type II cardio-and aphthovirus IRESes with respect to its requirement for components of the eIF4F holoenzyme complex.
